Due to the influence of material characteristics and winding power, single output electromagnet has limited ability to improve the dynamic characteristic of electro-hydraulic valve. Therefore, an electromechanical converter with double push rods is proposed in this paper, which can simultaneously output two electromagnetic forces, can push or pull the valve core and sleeve according to the current direction and realize rapid operation of load. According to the electromagnetic principle and the magnetic circuit analysis method, the mathematical model and equivalent circuit of the electromechanical converter with double push rods are established. Through the finite element simulation model of the electromechanical converter with double push rods with the same magnetization directions, the changing rules of its magnetic field distribution and force-displacement behaviors are studied and analyzed. According to the analysis results, the electromagnetic mechanical parameters and mechanical structure of the electromechanical converter with double push rods are determined, and the prototype is made. The test platform for the push-pull characteristics of the electromechanical converter with double push rods is built, and its static and dynamic characteristics are tested and analyzed. The results show that the thrust and pull output characteristics of the internal and external push rods are basically consistent with the simulation output, and proportional to the current density of the coil; the push-pull hysteresis of internal and external push rods output force is less than 5%; and the dynamic time response characteristics of the displacement and force are obtained. The hysteresis effect of output force is improved effectively through the H bridge drive control circuit modulated by PWM. Compared with the displacement response of a singlewinding electromagnet with a similar volume, it can effectively improve the dynamic displacement response. Followup work will further optimize the structure of the electromechanical converter and test the corresponding pilot valve. The research results provide a new theory for improving the output characteristics of electro-hydraulic pilot valve and have an extremely high engineering application value and broad application prospect. 
Introduction
In recent years, electro-hydraulic proportional valves have been widely used due to their simple structure, stable performance, high energy efficiency, and eco-friendliness [1] [2] [3] . With the development of automobile, aerospace and other industries, higher and higher demands are placed on the characteristics of their controlled valve body which is key control component, and response speed is one of the important indicators. In industrial production, electromechanical converters are usually used to drive pilot valves or directly drive electro-hydraulic proportional valves. Their output characteristics determine the performance of proportional valves. The research conducted by scholars at home and abroad on electromechanical converter mainly focuses on the research of control strategy, the development of new electromechanical converters and the way to improve the response characteristics of electromagnetic valves. Among them, the response characteristics of electromagnetic valve are improved by control strategy. For example, Ahn developed a new PWM signal algorithm. Amirante et al. used the proposed boosted PWM technique to improve the open loop control technology [4, 5] , which could effectively improve the response characteristics of electromagnetic valve. Refs. [6] [7] [8] [9] analyzed and studied the current, turns per coil, PWM frequency, mechanical parameters and other key parameters of electromagnet influencing the output force of electromagnetic valve. Through observation experiments, Sun et al. [10] concluded that electromagnetic energy conversion was influenced by the rate of change of drive current. Too big current change would reduce the efficiency of conversion of electromagnetic energy into mechanical energy, thus accelerating power consumption. Thompson Corporation studied the structure and size parameters of the electromagnetic valve through a large number of experiments, and optimized the dynamic and static characteristics, volume and weight of the electromagnetic valve [11, 12] . Other studies optimized structural design or the dynamic characteristics of electromagnetic valve by selecting soft magnetic materials with different B-H curves [13] [14] [15] [16] . For example, Wang et al. [17] used AL-Fe material to prove by experiment that new soft magnetic material could significantly improve the performance of high-speed electromagnetic digital valve. Cheng et al. [18] designed the corresponding magnetic circuit based on the application of soft magnetic alloy material. Control rod hydraulic drive mechanism (CRHDM) of Institute of Nuclear and New Energy Technology, Tsinghua University innovates the mechanical structure. Its key part consists of three linear electromagnetic valves, so that it can obtain a large electromagnetic force in a short time [19] . In addition, new materials such as piezoelectric ceramics (PTZ) and giant magnetostrictive material (GMM) are selected. The electromechanical conversion element composed of PTZ has a high precision and a high response speed, but due to disadvantages such as relatively big hysteresis, the need to develop the corresponding compensation power supply, a small displacement and a high cost, currently the level of commercialization is not high [20, 21] . Some studies use the electromagnetic parameters to estimate the displacement without the displacement sensor [22] [23] [24] [25] or control valve with modern control method [26] [27] [28] . In order to improve the dynamic response characteristics of the displacement of the electromechanical converter, this paper proposed a new type of electromechanical converter with double push rods and analyzed and studied its dynamic and static characteristics.
Working Principle and Mathematical Model of Magnetic Circuit of Double Push Rods Electromechanical Actuator

Quick Response Mechanism of Double Push Rods Electromechanical Converter
The structure of the double push rods electromechanical converter proposed in this paper is shown in Figure 1 .
It can output two electromagnetic forces at the same time. That is, it has two movable parts, which are the internal push rod and the external push rod. The internal push rod and the external push rod are respectively connected to the inner and outer coil racks. The current direction of two coils can generally be controlled, so that the internal push rod and the external push rod move in the same or reverse direction to control the valve flow. The external rod can also be fixed and the flow can be controlled by pushing the valve core through the internal rod. The internal rod can also be fixed and the flow can be controlled by controlling the valve bush through the external rod.
The rapid response mechanism is as shown in Figure 2 . When the external rod and the valve sleeve controlled are not moving, the displacement response curve of the internal rod is x a (t), the stable output flow value of the corresponding valve opening is x v , and the required time is t a , then x a (t a ) = x v .
On the contrary, when the internal rod is not moving, the displacement response curve of the external rod is x b (t), the stable output flow of the corresponding valve opening is − x v , and the corresponding response time is
(a) Structure When both push rods respond at the same time, if the same stable flow of a single push rod is reached, there must be a time point t s , so that
Obviously, t s < t a and t s < t b . Therefore, when the valve opening is certain, the relative displacement of the internal and external push rods of the electromechanical converter can effectively reduce the response time and improve the displacement response [29] .
Magnetic Circuit and Mathematical Model
In order to determine the electromagnetic and mechanical parameters of the double-rods electromechanical converter, equivalent magnetic circuit and finite element simulations of the double-push-rods electromechanical converter are analyzed and studied. The double push rods electromechanical converter is presented in Figure 1(a) , in which the material of front cover 1, rear cover 13, shell 2, sleeve 5 and iron core 8 is DT-4. The material of permanent magnet 3 and 4 is NeFe35. The intensity of magnetization is N45, and the magnetization direction is same. Outer coil frame 6 and inner coil frame 7 form the winding. The material of coil frames is aluminum alloy. The material of outer limit block 11 and inner limit block 12 is PTFE.
The design of magnetic circuit improves the utilization rate of permanent magnetic materials and reduces the loss of magnetic circuit. The permanent magnet adopts the radiated magnetization, and the structure of the electromechanical converter is a rotator around the central axis. NeFe35 is chosen as the permanent magnetic material, which has a large magnetic energy product and can effectively increase the electromagnetic force and reduce the size of the prototype. Figure 3 shows the equivalent electromagnetic circuit, in which R m1 , R m2 , R m3 , R m5 R m6 , R m8 , R m9 and R m10 are the magnetic resistance of the different shells; R n1 and R n2 are the equivalent internal resistance of permanent magnet; R δ1 and R δ2 are the magnetic resistance of the working air gap; and R m4 and R m7 are the magnetic resistance of part 5 sleeve.
According to the equivalent magnetic circuit and the Kirchhoff 's law of the magnetic circuit, the equation can be calculated as:
In which, Effective flux can be calculated:
where G 2 is the magnetic potential of the permanent magnet; Φ δ is the total magnetic flux of the permanent magnet; R δ is the total air gap resistance; R m is the total magnetic resistance of the magnetic material; R n is total internal magnetic resistance of permanent magnetic material; σ is leakage magnetic flux.
Formula for calculating the magnetic resistance of annular air gap and the internal resistance of permanent magnet:
In which h 1 is the thickness of magnetic material; r 3 , r 4 are the outer diameter and inner diameter of magnetic material; u 0 is the vacuum permeability; h is working air gap length; r 1 , r 2 are outer diameter and inner diameter of cylindrical air gap; u m is magnetic permeability of magnetic material; B is magnetic induction intensity of working magnetic field; S is cross-sectional area of working magnetic field; r 5 is the inner diameter of the permanent magnet.
The electromagnetic force of the inner rod:
(1)
Figure 2 Quick response mechanism of the two-push-rods electromechanical converter Through the above formula, according to the electromagnet volume and the experience design value of magnetic and electric load, the main electromagnetic and mechanical parameters of electromagnet can be obtained through analysis and calculation of magnetic circuit.
Finite Element Model of Double Push Rods Electromechanical Converter
Compared with the results of the magnetic circuit calculation, the results of the finite element calculation are more accurate. The basic electromagnetic and mechanical parameters are determined based on magnetic circuit analysis. By using Ansoft finite element analysis, the electromagnetic properties of the electromechanical converter with two push-rods are obtained by modeling, setting materials, grid division and post-processing. Axisymmetric column coordinates in the two-dimensional modeling are selected. The coil working stroke length, between front end cover and back end cover is 2 mm, respectively, so as to determine the zero position. The finite element mesh model of electromagnet with double push rods is shown in Figure 4 . The maximum side length of the grid division unit is 3 mm, and some errors are no more than 0.1%. The boundary conditions are given. The outer boundary are the balloon boundary conditions, in the middle are the singular symmetric boundary conditions. After input of specific data: material properties, grid division and others are added. The main parameters are shown in Table 1 .
The magnetic flux leakage is that the magnetic source leaks through the specific magnetic circuit in the space. The magnetic flux leakage coefficient can be calculated accurately by using finite element simulation.
The flux density results of ferromagnetic material and air gap is in a reasonable range. Figure 5 is the flux density cloud diagram in which the internal and external permanent magnet has the same direction of magnetization. The magnetic circuit is designed to offset the magnetic circuit of the middle sleeve, which can help to reduce the flux density of sleeve 5 to an extremely low value. The thickness of sleeve 5 can be appropriately reduced, and the number of effective coils can be increased, so as to optimize the size and quality of the electromechanical converter. The effective stroke of the inner and external push rod is 4 mm. Figure 6 shows the electromagnetic force-displacement characteristics under different current densities. Seen from the figure, in the whole stroke the electromagnetic force output is basically constant. The higher the current density is, the greater the output force is. The electromagnetic force on both sides of the stroke decreases because there are many leakage magnetic fields. The electromagnetic force output by the external push rod is similar to that of the internal push rod.
Testing Device and Results of Double Rods
Electromechanical Converter Figure 1 is the structure diagram of the double push-rods electromechanical converter. In fact, considering size limit of machine tool, thus chamfering of locating slot is less than 0.5 mm; The outer cover 2, the sleeve 5, the core 8 at the joint with the front and rear ends have a chamfer of less than 0.5 mm; and the above parts have wire holes in specific positions for out of the wire. Considering economic performance and installation, the permanent magnet 3 and 4, each is divided into 4 pieces (less than 90 degrees each) that assembly process is equipped to facilitate heat dissipation of the coil and satisfy the wet solenoid valve. Because the outer frame 6 and the inner frame 10 are made of aluminum alloy with a high hardness, which may scratch the enameled coil, the coil groove is chamfered. The function of the outer limiting block 11 and the inner limiting block 12 which are made of PTFE is to position the permanent magnet during installation. In order to ensure sealing, a groove is designed on the limiting block for adding a sealing ring.
Testing Device
The test apparatus of electromagnet with double pushrods is as shown in Figure 7 . The test equipment includes an electromechanical converter, positioning devices, sensors, a display instrument and an acquisition system. Force sensors are fixed on the sliding platform and connected to the tested device, namely the electromechanical converter with double push rods. The stress and tension of the electromechanical converter can be measured through the selflock of the nuts. The laser displacement sensor positions through the magnetometer base. The data acquisition system consists of hardware and software. The hardware is the numerical indicator and acquisition card of the force sensor, which communicates with the upper computer.
Experiment Results
Static Characteristic
The winding is respectively fed with corresponding current, the internal rod outputs pressure and pushes the valve core, the external rod outputs pull and pulls the valve sleeve, and the electromagnetic valve is opened. Reverse current is input into the winding, the internal rod outputs pull and pulls the valve core, the external rod outputs pressure and pushes the valve bush, and the electromagnetic valve is closed. Therefore, Spool and sleeve simultaneously move when the internal and external rods are simultaneously actuated. By adjusting the moving coil displacement, the static characteristics of the displacement and thrust-pull force of the external and internal rods can be obtained, as shown in Figure 8 and Figure 9 . The curve shown in Figure 8 is a set of displacementthrust and pull force curves under different current densities of the internal rod. The curve is similar to the simulation results, and the output force at the edge of the permanent magnet is slightly lower than that in other air gap positions. The output force in the effective stroke is basically constant. The electromagnetic force increases in proportion to the input current. The maximum pull appears when the air gap is around 1.6 mm. At the current density of 9 A/mm 2 , the pull is around 18 N. The curves shown in Figure 9 show the displacement-push and pull force characteristics of the external rod, which are similar to those of the external rod. The maximum output force current density is 9 A/mm 2 and the pull is 15 N. The direction of the electromagnetic force output by the internal and external rods is determined by the current direction. When the electromagnetic force is required to increase, the current density of the coil can be increased or the mechanical size of the electromagnet can be increased. It can be seen from the push-pull force characteristic curves of the rods that the frictional force is basically the same when the moving coil is running in the opposite direction.
Hysteresis Characteristics
Because of the friction of moving coil and the inevitable hysteresis of ferromagnetic materials, the output force will have a certain degree of hysteresis. The hysteresis can be corrected by a certain flutter current or reduced friction, so as to it can meet the engineering application requirements. Figure 10 and Figure 11 show the hysteresis curves of the pull and thrust force of the inner rod. Figure 10 shows the current density-thrust force hysteresis characteristics of the inner rod at the working stroke of 1 mm, 2 mm and 3 mm, respectively, with a force hysteresis degree of 3.2% (less than 5%). Figure 11 shows the current density-pull force hysteresis characteristics of the inner rod at the working stroke of 1 mm, 2 mm and 3 mm, respectively, with a force hysteresis degree of 4.9% (less than 5%).
When the pilot valve is normally driven by the electromechanical converter, the inner and outer coils are driven by the PWM modulating amplifier. The frequency of PWM carrier signal can change from 200 Hz to 2000 Hz. As a flutter signal, the carrier signal can improve the hysteresis of the output force. The drive circuit is H bridge, and the winding current signal is obtained by sampling resistance. The control principle is shown in Figure 12 . When the carrier frequency works in a low range (around 200 Hz), the coil vibrates more, and the carrier frequency is regulated to improve the output characteristics of the moving coil.
The output characteristics of the pull hysteresis of the internal push rod are improved significantly after being driven by an amplifier, as shown in Figure 13 . The hysteresis has decreased to 0.6% and below. The experimental results show that the carrier signal can effectively improve the hysteretic effect.
Dynamic Characteristics of Electromagnetic Force
The dynamic characteristics of the electromagnetic force are determined by the efficiency of converting input power into mechanical power. The smaller the power loss is, the higher the conversion efficiency is, the faster the dynamic response time of the force is. In the process of step excitation for winding, input power P 1 = UI, which is converted to mechanical power and loss power. The loss power includes copper consumptions, eddy current loss and hysteresis loss of iron core, and eddy current loss and hysteresis loss of permanent magnet. The copper consumption of the coil is relatively small, which can be ignored. The eddy current loss of permanent magnets and ferromagnetic materials accounts for the vast majority of the total loss, the eddy current loss of ferromagnetic materials is far more than permanent magnet eddy current loss. The magnetic hysteresis of the magnetic material is less than 5%, which is negligible. Figure 14 shows the finite element simulation results of the iron core eddy current loss under different current and the efficiency of the input power converting into effective power during the input excitation of the electromagnet. As can be seen, the efficiency rate of change in the 1-5 A/mm 2 range with a relatively small current density is relatively slow. With the increase of input current density, the loss of iron core increases and the efficiency decreases faster.
The electromagnetic force rising dynamic process is shown in Figure 15 , in a single experiment, the coil does not move, at 'a' point coils input current, to reach the 'b' point corresponding to the force stability value, 'c' point releases current, the force is 0 at 'd' point. t 1 is the corresponding response time. A set of curves between response time of force, displacement and current density is obtained. Figure 16 shows the electromagnetic force rising time curve of the inner rod when the moving coil displace is 1 mm and the current density changes from 1.5 A/ mm 2 to 9 A/mm 2 . It can be seen that with the increase of current step the response time of the electromagnetic force is longer, and the trend is that the difference in the adjacent current density response time is larger. The maximum response time is about 40 ms when the input step current is 9 A/mm 2 . The higher the step of the input current in the same time is, the bigger the rate of current change is, the greater the influence of eddy current in the iron core is, the lower the power conversion efficiency is, the slower the increase of electromagnetic force is. Therefore, as the current step value increases, the response time will increase correspondingly. It is not a linear increase judging from the test results. Figure 17 shows the force time response curve of the external push rod, which is similar to that of the internal rod. Figure 18 shows the force response time curve of the output force when the current density varies from 1.5 A/ mm 2 to 9 A/mm 2 under different displacement. When the current density rises gradually from 1.5 A/mm 2 to 9 A/mm 2 , the time for the electromagnetic force of the inner push rod to reach stable value gradually increases, but not linearly.
The basic trend is that the force response time is relatively stable when the current density is 1.5 A/mm 2 to 5 A/mm 2 , and the slope of rising time is small. When the step current density is greater than 5 A/mm 2 , the response time rises rapidly. The reason is that the induced potential and eddy current due to the step current is relatively large.
When the winding of inner rod arrives at the 4 mm position and the current density is 9 A/mm 2 , the response time is the longest, reaching about 0.04 s. Therefore, it is necessary to study the relationship between the electromagnet parameters and the force response time, and to optimize the output characteristics of the electromagnet. The force response time curve of the output rod is similar with the time of the inner rod.
Displacement Response Characteristics of No-Load
The displacement dynamic characteristic curves of the electromechanical converter under different working conditions are the key of the working performance of the electromagnetic valve. Figure 19 shows the displacement dynamic working curve. Point 'a' is the starting point of the operation process when the current input into coil. Then, coil moves to the displacement of point 'b' . The time t 1 between point 'a' and point 'b' is defined as stable displacement time. Reverse current is applied at point 'c' and return to zero at point 'd' . Figure 20 shows that the displacement response time curves of inner and outer rod at the working stroke of 1 mm under different current densities. With the winding current density increasing, the response time decreases gradually. The difference in displacement response time of the adjacent current density is reduced gradually. When the current density is 9 A/mm 2 , the stable response time is about 9 ms. This response time is related to the electromagnetic force and the number of turns. Figure 21 shows that the displacement response time characteristics curves of the outer rod and inter rod under different working stroke. With the current density increasing from 1.5 A/mm 2 to 9 A/mm 2 , the displacement response time decreases gradually, but the reduction rate decreases gradually, which demonstrates that current density effect on electromechanical valve gradually decreases. Especially when the working stroke is 1 mm and 2 mm, and the current density changes from 4.5 A/mm 2 to 9 A/mm 2 , the displacement response time reduction rate is less than 5%. With the current density increasing proportionally, the efficiency of electromagnetic energy transforming into mechanical energy was getting lower and lower. As shown in Figure 21 , in the range of current density less than 5 A/mm 2 , the increase of current density helps to improve the dynamic response. However, when the current density exceeds 5 A/mm 2 , the increase of the current density is not obvious to the improvement of the dynamic response time [30] . The displacement response time curve of the outerrod is similar to that of the inner-rod.
It can be seen from Figures 20 and 21 that the displacement response time of the inner and outer coils under the same current is similar.
In order to compare the displacement response of single-winding electromagnet, a single-winding electromechanical converter with a similar volume is selected. The test platform is shown in Figure 22 below. The volumes are (10 × 6 × 6) cm 3 and (π (7.6/2) 2 × 6.5) cm 3 , respectively.
When the same current of the electromechanical converter with double rods is applied to the coil of the single-winding electromechanical converter, its displacement response curve is shown in Figure 23 below. The time for reaching 1 mm is about 10 ms. The time of reaching 4 mm displacement varies from 25 ms to 36 ms under input current 3-9 A/mm 2 . It can be seen from the figure that the response time of the electromechanical converter with double push rods and the single-winding electromechanical converter is similar and about 36 ms under the same current at the displacement of 4 mm.
However, when the inner and outer coils of the double-rods electromechanical converter add the same current at the same time, as shown in Figure 24 , the internal and external coils move each 2 mm in opposite directions respectively, the time of relative displacement of 4 mm can be reduced to about 20 ms. Therefore, the displacement response time can be improved effectively by the electromechanical converter with double push rods.
The subsequent work will focus on the structural optimization and improvement of controller characteristics. The mechanical size and winding parameters will be further optimized, and the characteristics of the 
